Abstract Food storage is an important adaptation of several animal species to the temporally variable or unpredictable food supplies that are typical of desert environments. In the present study, whether Eligmodontia typus and Graomys griseoflavus inhabiting sand dunes in the Monte desert displayed scatter-hoarding was investigated. Both rodent species prepared surface caches by digging small holes (1-3#cm deep) in the soil. Caches were partially covered with sand and dry leaves, which meant that all of the cache sites at each station could be found. Most caches were found below shrubs, that is, in a sheltered microhabitat rather than near the food source. The mean distance between caches and seed sources was significantly higher than the mean distance from food sources to shrubs. The proportion of caches was significantly higher in shrubs with high safety cover. The adaptive significance of this foraging behaviour could be a competitive tactic for the rapid sequestering of food from a rich and ephemeral source. Such behaviour would reflect predation risk, which constitutes an important foraging cost in deserts, and could also influence plant community dynamics.
INTRODUCTION
Desert areas are extreme environments characterized by low moisture, wide thermal ranges, and unpredictable food (Kerley & Whitford 1994; Costa 1995; Folgarait et al. 1998) . Regarding the abiotic environment as the driving force behind the adaptation of a living organism, it may be expected that the desert biota should show convergence in adaptations to habitat at different levels, that is, the morphological, ecological, physiological and behavioural levels (Orians & Solbrig 1977; Brown et al. 1979) . At the behavioural level, food storage is an important adaptation of many animals to the temporally variable or unpredictable food supplies that are typical of desert environments (Smith & Reichman 1984; Vander Wall 1990; Jenkins et al. 1995) . According to Vander Wall (1990) , the two major patterns of food storage are larder-hoarding, in which the food is concentrated in one or a few locations, and scatter-hoarding, in which the food is distributed among a much larger number of widely dispersed smaller caches.
Most studies addressing adaptations to harsh desert environments have focused on heteromyid rodents in North America (reviews in Vander Wall 1990; Genoways & Brown 1993; Randall 1993; Jenkins et al. 1995) . However, information on the desert adaptations of desert-dwelling small mammal groups from other regions, such as South American rodents, is scarce.
Birds and mammals will often cache food when foraging on ephemeral resources (review in Smith & Reichman 1984) . In desert areas where food resources are frequently unpredictable, caching appears to be a means of avoiding starvation during periods of food shortage (Clarke & Kramer 1994) . Furthermore, this behaviour permits a hasty harvest when there are flushes of food production at discrete sites (Jenkins et al. 1995) . Caching can also reflect an animal's diet and habitat selection, and can have secondary effects on landscape dynamics, such as seed dispersal and recruitment. The aim of the present study was to determine whether the rodents living in the sand dunes of the Monte Desert (Argentina) scatter-hoard food, given the importance of this behaviour to seed dispersal and plant community dynamics.
METHODS
Experiments were carried out in all four seasons: August (winter) and October (spring) of 1998, and February (summer) and July (autumn) of 1999 at the Ñacuñán Reserve (34°1ЈS, 67°58Ј W). This reserve is located 200 km from Mendoza city, in the central area of the Monte Desert, which is one of the largest dry areas in Argentina. The Monte Desert consists mainly of extensive shrublands dominated by Larrea spp.
interspersed with open woodlands of Prosopis spp. (Morello 1958) . The climate is semiarid with an average annual rainfall of 330 mm, concentrated in the summer months. The Ñacuñán Reserve comprises a diverse mosaic of habitats and plant communities, including mesquite forests (Prosopis flexuosa D. C.), and creosotebush communities (Larrea divaricata Cav. and Larrea cuneifolia Cav.). Sand dunes ('medanal') and saltbush (Atriplex lampa Gill. ex Moq.) communities are also represented in the area (Ojeda et al. 1998 (Redford & Eisenberg 1989) .
Graomys griseoflavus, locally known as Pericote Común, is a large (mean total length of 262.1 mm; mean weight of 59.4 g), long-tailed rat (mean tail length of 141.5 mm) that lacks cheek pouches. It has a strongly bicolored, penicillate tail and large ears, resembling a small Neotoma (Redford & Eisenberg 1989 ). This species is nocturnal and is found in diverse locations that are typically xeric but include cultivated fields, semiarid sandy areas with rocks, hillsides with boulders and orchards. The species is a good climber and has been seen foraging up to 15 m high in trees. They are strong and aggressive. Dietary studies on E. typus and G. griseoflavus have indicated that both are omnivorous (Campos et al. 2001) . In this sandy habitat, the diet of E. typus includes at least 41% seeds, while the seed intake of G. griseoflavus is 29% (S. M. Giannoni, unpubl. data).
The present study is part of an experiment on seed removal rates by ants, birds and rodents. We placed 60 seed trays (seed sources) along a 600 m transect across a sand dune of homogeneous vegetation and topography. Seed trays were placed 10 m apart in the following sequence: rodent tray, ant tray and control tray. Twenty trays were accessible only to rodents (rodent trays), another 20 accessible only to ants (ant trays), and 20 accessible to both birds and rodents (control trays). Trays consisted of plastic dishes 15 cm in diameter and 3 cm deep filled with commercial seeds: 100 g of sunflower and 100 g of millet seeds. Rodent trays were protected from seed removal by birds with a wire screen (40 cm ϫ 40 cm ϫ 7 cm) with two 5 cm openings on each of the four sides that allowed only rodents to enter. Control trays consisted of similar but unprotected plastic dishes. All trays were placed above the ground surface to prevent access by ants. Ant trays were protected from seed removal by vertebrates with a wire screen, and were half buried (with the edges at ground level) so as to allow access by ants. At each sampling station, plastic dishes were randomly placed both in the open and in sheltered areas. Some dishes were placed under the edge of perennial shrubs and others 2 m away from the shrub. In the present study, we used only the results obtained from the rodent and control trays.
For 48 h, rodents and granivorous birds such as Zonotrichia capensis, Diuca diuca, Poospiza ornata, Zenaida auriculata, Teledromas fuscus and Phygitus carbonarius (P. Blendinger, pers. comm., 1998) were allowed access to the artificial seed sources. We considered a clump of shells and whole seeds to be caches, but never regarded single seeds as such, because they might have been occasionally dropped by a subject while foraging. Seed caches were partially exposed and partially covered with sand and dry leaves. The caches were easy to find. At the end of the 2-day trial, we recorded the number of seed caches and type of seed (millet and sunflower) in the caches. In order to know which seed source a cache came from, we considered not only the distance between the cache and seed source but also the paths made by rodents. In addition, we recorded the distance between seed sources and shrubs, the mean cover of the shrubs that had caches underneath, the shrub species selected for caching and the amount of shelter they offered. Two categories of shrub cover were defined: 'high safety cover', that is, those shrubs with more than 50% of their stems at less than 10 cm from the ground, and 'low safety cover', including shrubs with more than 50% of their stems at more than 10 cm from the ground.
At each sampling station and at the end of the experiment, we set 40 Sherman live traps for one night, baited with millet and sunflower, 20 in the rodent trays, and 20 in the control trays, in order to determine the presence of rodent species in the experimental area.
RESULTS
The results of the trapping showed that Eligmodontia typus and Graomys griseoflavus were the only rodent species present in the sand dunes of Ñacuñán (Table 1) . Both rodent species prepared surface caches by digging small holes (1-3 cm deep) in the soil. Caches were partially covered with sand and dry leaves, which enabled us to find all of the cache sites at each station. We found 534 scattered caches, the greatest number being recorded in winter ( Table 2 ). The mean number of caches found in all seasons per seed tray was 3.3 Ϯ 5.0 (n = 160), with a maximum of 29. The mean weight of sunflower caches was 1.8 Ϯ 0.6 g and the quantity of seeds offered was 100 g, so the mean proportion of seeds recovered was 6% (3.3 ϫ 1.8 g per 100 g).
Most of the caches contained only sunflower seeds (531 of 534, 99.44%), while only 0.56% contained exclusively millet (three of 534). Of the total number of caches, 8.8% (47 of 534) had at least one whole seed (with shell), which always was a sunflower seed. The total number of whole seeds in all caches was 104, the mean number of whole seeds per cache was 2.2 Ϯ 2.3 (median = 1) and the maximum number of seeds per cache was 10.
Of 534 caches, 496 caches (93%) were found below shrubs, that is, in a sheltered microhabitat. The remainder (7%) were found in the open. Almost all the caches were found under the following shrubs species: Larrea divaricata Cav., Ximenia americana L., Condalia microphylla Cav., Verbena aspera Gill. et Hook., Lycium chilense Miers ex Bertero, and Tricomaria usillo Gill. ex Hook. et Arnott. Caches were found near the centre of the shrubs. The mean distance between caches and seed sources (192 Ϯ 99 cm) was significantly higher than the mean distance from food sources to shrubs (89.5 Ϯ 87 cm; t-test, t = -18; d.f. = 1066; P = 0.0001). Rodents transported seed further to cache sites in winter (range 10-580 cm) than they did in spring (0-530 cm), summer (31-410 cm) or autumn (10-370 cm). The proportion of caches was significantly higher in shrubs with high safety cover than in those where safety cover was low (328 and 168 caches, respectively; 2 = 51; d.f. = 1; P < 0.0001). We also found that rodents scatter-hoarded items from native plant species for later consumption. Several caches containing seeds of native plants that abound in the area were observed in sand dunes, both under shrubs and close to the caches of artificial seed used in the present experiment. The seeds of native species, as for commercial seed, were stored in partially covered holes. Rodents harvested the seed heads of mature herbaceous plants such as Bromus brevis Nees in Steudel., Chloris castilloniana Lillo et Parodi (Gramineae), Plantago patagonica Jacquin (Plantaginaceae), and Phacelia artemisioides Gris. (Hidrophyllaceae) and flowers of Gomphrena mendocina (Phil.) Fries (Amarantacea). They also stored fruits of Ximenia americana L. (Olacaceae) and Condalia microphylla Cav. (Ramnaceae) as several of the fruits were found empty and with signs of gnawing.
DISCUSSION
The present study showed that G. griseoflavus and E. typus store food, which is a common foraging tactic used by a wide variety of taxa (Vander Wall 1990) , by combining feed sites and cache sites. Food-hoarding animals have the capacity to handle food availability in space and time by deferring their use of food and by preventing consumption by other organisms (Vander Wall 1990) . Both G. griseoflavus and E. typus manipulated the seeds supplied, as they transported and stored them in small holes, which they partially covered with sand and leaves. From the present experiment we were not able to infer how long the seeds remained stored before being ingested. But the fact that whole seeds were found in the caches after 48 h could indicate that the food was handled in order to defer consumption. In addition, we found caches of whole native seeds (seed heads, flowers etc.) right next to caches of commercial seeds, which could suggest the deferred consumption of native species as well. Both rodent species exhibit scatter-hoarding behaviour according to the patterns of food storage proposed by Vander Wall (1994) , because they store seeds in many separate locations. However, the experimental design did not allow us to test whether the studied species also larder-hoard, that is, concentrate food items in one location, such as a burrow (Vander Wall 1990) .
Seeds stored below shrubs were transported further than those stored in the open. This suggests that rodents would rather store seeds below shrubs than near the food source, despite the cost of transporting the seeds. Also, we found numerous scatter-hoards built directly over burrows or at burrow entrances, similar to those made by several species of kangaroo rat (Shaw 1934; Hawbecker 1940) . In small desert rodents, predation risk represents an important foraging cost (Brown 1988 ). In the sand dunes, which consist predominantly of open areas with patches of shrubs, E. typus and G. griseoflavus would be compelled to carry and store food close to a safe covered place because of the high risk of predation.
In order to understand the advantages and disadvantages that scatter-hoarding brings to these rodents, it is necessary to bear in mind that they do not have cheek pouches like the extensively studied heteromyids (Jacobs 1992; Leaver & Daly 1998; Vander Wall et al. 1998) . Eligmodontia typus and G. griseoflavus preferentially stored seeds away from the food source, mostly below shrubs. Two cricetid desert rodents, Gerbillurus tytonis (Hughes & Ward 1993) and Phyllotis darwini (Vásquez 1994) , the former from the Namib Desert and the latter from central Chile, carry food to cover in an attempt to deter predators, one of the major factors that influence foraging behaviour in desert areas (Lima & Dill 1990; Hughes & Ward 1993) . All four species lack cheek pouches and so run a greater risk of predation when carrying food. In the case of G. griseoflavus and E. typus, this risk decreases when they recover the harvested seeds they have stored under shrubs. Scatter-hoarding seeds away from food sources presumably entails great time and energy costs both when storing seeds and retrieving caches (Jenkins et al. 1995) . Also, the success of this strategy depends on the rodent's ability to protect its caching sites from both conspecific and heterospecific pilferers (Stepanian & Smith 1978 ). This will be an important issue for future research.
Results showed that the two seed species offered were never combined in a single cache and that every cache was almost exclusively composed of sunflower seeds. Information on food preference in relation to the foraging and caching effort is contradictory. Leaver and Daly (1998) offered Dipodomys merriami a choice between two foods and found that most animals ate some of both types of food and put some effort into sequestering the less-preferred food. However, there is evidence from field studies that heteromyids will put less effort into foraging for less-preferred food (Bowers 1988) .
Previous experiments on food preference for G. griseoflavus and E. typus, carried out under laboratory conditions, showed that millet was preferred to sunflower seeds (Tort et al. 1998) . The same preference has been reported for other desert-dwelling rodents (Kelrick et al. 1986; Frank 1988) . Animals in the wild have to modulate their foraging effort in response to food availability (Kotler 1984; Price & Waser 1985) , cues of predation risk (Kotler 1984; Brown et al. 1994) , harvest rate (Jenkins et al. 1995) and nutritional attributes (Lockard & Lockard 1971; Frank 1988) . However, in the laboratory, the animals could eat the food they preferred most, free from conspecifics and other competitors as well as from predators (Leaver & Daly 1998) . The sunflower seed is large, with a high lipid content and low in carbohydrates, while millet is the reverse (Tort et al. 1998) . The caching behaviour of G. griseoflavus and E. typus in the field could be based on seed size rather than on nutritional attributes, as they prefer large seeds high in lipids and relatively low in carbohydrates. Similar behaviour was reported by Lima and Valone (1986) for grey squirrels and by Vander Wall (1995) for the yellow pine chipmunk.
Graomys griseoflavus and E. typus, because they cache whole seeds, are potential seed dispersers. Furthermore, these rodents store seeds in caches far from the food source and below shrubs, moving them for distances of up to 580 cm from the source. Thus, seed caching by rodents has several important implications for the structure and function of plant communities. Caching influences plant dispersal and seed recruitment, and therefore the distribution and abundance of plant communities (Price & Jenkins 1986; Vander Wall 1994) . Scatter-hoarding affects seed dispersal because seeds are transported away from the food source and may germinate if not recovered by rodents (Jenkins et al. 1995) .
The results of the present study showed that G. griseoflavus and E. typus, two desert-dwelling rodents, are scatter-hoarding animals according to the patterns proposed by Vander Wall (1990) . The adaptive significance of this strategy could be a competitive tactic for the rapid sequestering of food from a rich, ephemeral source, a common scenario in desert environments (Hart 1971) . In addition, scatterhoarding is a strategy adopted by individuals that are unable to defend a larder for reducing pilferage of their hoarded food (Clarke & Kramer 1994) . Grant PIP No. 4684, PEI No. 388, and PICT No. 03281 . The authors wish to thank N. Horak for assistance with writing the English version. We greatly appreciate the helpful comments made by Stephen Vander Wall. We also wish to thank A. Orofino and J. Tort for their advice during all stages of the project.
